Epidermal growth factor (EGF)-induced receptor dimerization may provide a mechanism for activation of the receptor protein tyrosine kinase and for initiation of post-receptor signalling pathways. We have examined whether second messengers and agents that modulate EGF receptor function act at the level of receptor dimerization. Both the Ca2+ ionophore ionomycin and the tumour promotor tetradecanoylphorbol acetate (TPA), added shortly before EGF, inhibit EGF receptor protein tyrosine kinase activity in intact cells. In permeabilized cells, elevation of Ca2+ similarly inhibits EGF receptor function. The inhibitory effect of Ca2 , unlike that of TPA, appears not to be dependent on protein kinase C activity. Neither ionomycin nor phorbol ester affects EGF-induced receptor dimerization, as shown by cross-linking and immunoblotting techniques, although the phosphotyrosine content of both monomeric and dimeric receptors is strongly decreased. Furthermore, we show that EGF receptor dimerization is not affected by increases in cyclic AMP or intracellular pH, nor by changes in transmembrane potential, medium osmolarity or the glycosylation state of the receptor. These result suggest that modulation of EGF receptor function occurs at a step other than receptor dimerization.
INTRODUCTION
The epidermal growth factor (EGF) receptor is a single-chain transmembrane glycoprotein with ligand-dependent protein tyrosine kinase activity [1] . Activation of the receptor tyrosine kinase is essential, although not necessarily sufficient, for the multiple biological effects of EGF [2, 3] . Early events induced by EGF include tyrosine-specific protein phosphorylations, inositol lipid breakdown, changes in cytoplasmic pH and free Ca2+ and alterations in membrane potential [1] [2] [3] [4] [5] [6] [7] . To explain how EGF binding results in activation of the intracellular kinase domain, a model has been proposed in which EGF promotes the formation of receptor homodimers [8, 9] . The dimeric state would provide a conformation that favours receptor activation, resulting in receptor autophosphorylation, substrate phosphorylation and signal transduction (see [9] for review). EGF-induced receptor dimerization has been detected both in purified receptor preparations and in intact cells [10, 11] . The model is further supported by the observation that purified EGF receptor dimers exhibit increased tyrosine kinase activity when compared with receptor monomers [12] . In addition, recent evidence suggests that autophosphorylation of solubilized EGF receptors is mediated, atleastinpart, byintermolecularcross-phosphorylation, probably as a result of receptor oligomerization [13] .
Various agents, in particular phorbol esters and second messengers such as Ca2+ and cyclic AMP, are known to affect EGF receptor activity and to modulate signal transduction. Perhaps the best-documented mechanism of regulation is via protein kinase C. The EGF receptor is phosphorylated on threonine and serine residues by protein kinase C, resulting in an inhibition of tyrosine kinase activity of the receptor [14] [15] [16] [17] [18] . EGF can mimic phorbol esters in stimulating phosphorylation of residue Thr-654, presumably as a result of increased diacylglycerol production and consequent activation of protein kinase C [19, 20] . Furthermore, down-regulation of protein kinase C leads to enhanced EGF receptor kinase activity in A431 cells [21] .
Taken together, the available data suggest feedback regulation of EGF receptor functions via protein kinase C.
Among the earliest detectable events in EGF action is a rapid *increase in intracellular [Ca2+] [2] [3] [4] , which may lead to activation of a Ca2+/calmodulin-dependent protein kinase and contribute to activation of protein kinase C, while artificially raising intracellular [Ca2+] affects high-affinity EGF binding and endocytosis and decreases receptor kinase activity [22] [23] [24] .
Another means of EGF receptor regulation may involve cyclic AMP. EGF receptors can be phosphorylated by cyclic AMP-dependent protein kinase in vitro [25] , and elevation of intracellular cyclic AMP levels has been reported to decrease binding affinity for EGF [26] .
It is not clear at what level regulation of EGF receptor kinase activity and signal transduction occurs. It seems plausible to assume that receptor dimerization provides a mechanism not only for triggering but also for modulating receptor kinase activity. In the present study, we have tested this hypothesis by using covalent cross-linkers and immunoblotting techniques. The results indicate that receptor dimerization in intact cells is not inhibited by raising intracellular Ca2+ levels or by activation of protein kinase C, although tyrosine kinase activity is markedly lowered. Furthermore, dimerization appears not to be affected by manipulating other parameters involved in EGF receptor signal transduction, such as intracellular cyclic AMP, pH and transmembrane potential. The present data strongly support the notion that regulation of EGF receptor function is secondary to the dimerization process. [27] , equal amounts of protein were loaded on either 5 % or 3-10 % linear polyacrylamide gels for SDS/PAGE. Following electrophoresis, proteins were transferred to nitrocellulose. The remaining sites were blocked with BSA (3 %) in TBST (10 mM-Tris/HCI, pH 8.0, 150 mM-NaCl and 0.050% and blots were probed with an anti-(EGF receptor) antibody 281-7, raised against the peptide sequence 984-996 [28] , or with a monoclonal anti-phosphotyrosine antibody [29] followed by incubation with rabbit anti-mouse serum (Nordic, Tilburg, The Netherlands). Antibody binding was detected using 1251I-Protein A and autoradiography.
MATERIALS AND METHODS
Dimerization of purified EGF receptors EGF receptor was purified from A431 cells, essentially as described by Cochet et al. [11] . A431 cells (3 x 107) were washed three times with PBS and lysed in lysis buffer (0.5 % Nonidet P-40, 5 mM-MgCI2, 50 mM-Tris, pH 7.4, 1 mM-phenylmethanesulphonyl fluoride, 10 ,ug of leupeptin/ml and 0.3 trypsin inhibitory units of aprotinin/ml). Cellular debris was removed by centrifugation and the supernatant was extensively precleared with normal mouse serum coupled to Protein A-Sepharose beads. Anti-(EGF receptor) monoclonal antibody 108 [13] covalently coupled to Protein A-Sepharose beads was added and the suspension was stirred for 2 h on ice. The beads were washed three times with HTG buffer (20 mM-Hepes, pH 7.5, 0.1 % Triton X-100 and 10% glycerol), twice with borate buffer (50 mmborate, pH 8.0, 0.5 M-NaCl, 0.3 M-MgCl2, 10 % glycerol and 0.1 00 Triton X-100) and twice more with HTG buffer. EGF receptors were eluted with 50 mM-glycine/HCI (pH 2.5)/100% glycerol/0.1 0/o Triton X-100 and the eluate was immediately neutralized with 0.1 M-NaOH and 600 mM-Hepes (pH 7.5). EGF was added to part of the material obtained and after stirring for 20 [30] . Briefly, confluent monolayers were washed in permeabilization buffer (137 mM-KCI, 2 mM-MgCI2, 1 mmNaATP and 5 mM-Pipes, pH 6.8) and then incubated in permeabilization buffer containing 0.4 units of streptolysin-O/ml for 10 min. Permeabilization was monitored by Trypan Blue uptake (> 90% leaky). After washing the permeabilized cells three times with incubation buffer (130 mM-KCl, 10 mM-NaCl, 2 mM-MgCl2, 1 mM-NaATP and 5 mM-Pipes, pH 6.8), compounds were added in the incubation buffer as described in the Tranfected NIH-3T3 cells were incubated with 0-500 ng of EGF/ml in PBS at 37 'C. After 5 min, incubations were continued in the presence (+) or absence (-) of 10 mM-EDAC; 15 Lanes 1-4: A431 cells were incubated with (+) or without (-) 100 ng of EGF/ml and after 5 min at 37°C 0.2 mM-DSS (+) or dimethyl sulphoxide (-) was added. After cross-linking on ice for 15 min, cell lysates were prepared as described. Lanes 5 and 6: EGF receptor purification from A43 1 cells and receptor dimerization were performed as described in the Materials and methods section.
EGF was added at I /sg/ml and cross-linking was done at room temperature. The blot was developed with anti-peptide serum 281-7.
experiment with transfected NIH-3T3 cells using EDAC (10 mM) as a covalent cross-linker is shown in Fig. 1 binding, endocytosis and tyrosine kinase activity of the receptor [16, [22] [23] [24] . Hence Ca2+ is a potential candidate for feedback regulation of EGF receptor functions. We investigated whether an elevated Ca2+ level is capable of modulating EGF receptor dimerization. The Ca2+-ionophore ionomycin was added shortly before addition of EGF both in the presence and the absence of EGTA. As shown in Fig. 3 , ionomycin did not interfere with EGF receptor dimerization, whereas EGF-induced receptor autophosphorylation is seen to be almost completely abolished. Furthermore, phosphorylation of several endogenous substrates was also inhibited by ionomycin (results not shown). However, when added in the presence of EGTA to prevent Ca2+ influx, ionomycin had no detectable effect on the phosphorylation state of the EGF receptor (Fig. 3) .
Studies in permeabilized cells
To examine further the effect of Ca2+ on EGF receptor function, A431 cells were permeabilized with streptolysin-O and tested for EGF receptor autophosphorylation in the presence or absence of Ca2+. Fig. 4 shows a dramatic decrease in EGFinduced tyrosine kinase activity when Ca2+ was present (1 mM), but not in nominally Ca2+-free media. lonomycin alone had no detectable effect in permeabilized cells (Fig. 4) . A Ca2+-sensitive proteinase has been described [34] that degrades the EGF receptor into a doublet of 150 kDa and 170 kDa. As is seen in the immunoblots shown in Fig. 4 Fig. 4 . Effect of Ca2+ on EGF-induced receptor kinase activity in A431 cells permeabilized with streptolysin-O A431 cells were permeabilized as described in the Materials and methods section, and EGTA (4 mM), Ca21 (1 mM) and ionomycin (5 jug/ml) were added as indicated. EGF (100 ng/ml) was added and incubations were continued for 5 min at 37°C and then for 15 min at 0 'C. Cells were lysed and SDS/PAGE and immunoblotting were performed using anti-phosphotyrosine antibody and 251I-Protein A.
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EGF -+ + + + + + +-+ Fig. 6 . Effect of ionomycin on EGF-induced kinase activity in protein kinase C down-regulated cells A431 cells were cultured for 72 h in the presence of (a) 0.01 % dimethyl sulphoxide (control) or (b) 500 ng of TPA/ml. After thoroughly washing the cells, TPA (T, 100 ng/ml), EGTA (E, 4 mM) or ionomycin (I, 5 ,cg/ml) were added at 15, 5 and 3 min, respectively before addition of EGF (100 ng/ml). After 5 min at 37°C, incubations were continued at 0°C for another 15 min. Thereafter, samples were prepared for immunoblotting with anti-phosphotyrosine antibody.
TPA, and receptor dimerization and autophosphorylation were monitored by immunoblotting (Fig. 5) . At each EGF concentration (0-100 ng/ml), the intensity of both monomeric-and dimeric receptor bands in TPA-treated cells was not significantly different from that in untreated cells (Fig. 5a) . However, when the blot was probed with anti-phosphotyrosine antibody, TPA treatment was found to result in a marked decrease in the intensity of both monomer and dimer bands (Fig. 5b) . The results indicate that, although activation of protein kinase C by TPA inhibits EGF-induced tyrosine kinase activity in vivo, EGF receptor dimerization is not affected. We conclude that the Fig. 5 . Effect of TPA on EGF receptor dimerization and autophosphorylation A431 cells were pretreated with 100 ng of TPA/ml (+) or with dimethyl sulphoxide (-) for 15 min at 37 'C. Incubations were continued on ice in the presence of 0-100 ng of EGF/ml. After To determine whether increases in cyclic AMP and pH can modulate EGF receptor dimerization, cells were treated with the cell-permeant cyclic AMP analogue 8-bromo-cyclic AMP and the Na+/H+ ionophore monesin respectively. As shown in Fig. 7 , neither treatment affected receptor dimerization.
EGF has been reported to transiently alter the membrane potential in cells of epithelial origin [5, 7] . It is conceivable that the electric field across the plasma membrane may act on charged residues of the receptor located near the inner side of the plasma membrane or that it may modulate putative non-covalent interactions that could be important for dimer formation. To test the possible effects of alterations in transmembrane potential, dimerization was monitored in cells incubated in medium containing 150 mM-K+, which abolishes the transmembrane potential. Fig. 7(a) shows that dimerization in vivo in this high-K+ buffer was comparable with the control, indicating that the electric field across the plasma membrane is not important for receptor dimerization. In a recent study the EGF receptor was found to be phosphorylated by an unknown mechanism, not involving protein kinase C, when A431 cells were exposed to a hyperosmotic shock [19] . In addition, we have observed that hyperosmotic shock, induced by adding 100 mM-NaCl to the incubation medium, inhibits EGF-induced inositol phosphate formation (G. F. Verheijden, I. Verlaan & W. H. Moolenaar, unpublished work). Fig. 7(b) shows that dimerization under these conditions is comparable with that in the control, indicating that hyperosmolarity does not affect EGF-induced receptor dimerization.
Effect of treatment with glycosylation inhibitors and neuraminidase
The mature EGF receptor (170kDa) contains a relatively large amount of N-linked oligosaccharides [1, [35] [36] [37] , but whether the glycosylation state of the receptor has a role in dimerization is not known. Addition of core oligosaccharides to the peptide backbone (130 kDa) is essential for EGF binding, but terminal processing of the carbohydrate moiety is not. We tested the effects of three different agents that interfere with carbohydrate processing on EGF receptor dimerization. We used (1) swainsonine, an inhibitor of cis-Golgi a-mannosidase II, which blocks normal processing of high mannose chains to complex forms but leaves EGF binding almost unaffected [35] , (2) 1-deoxymannojirimycin (DMM), which inhibits mannosidase I in the rough endoplasmatic reticulum [38] , and (3) neuraminidase, which removes sialic acids. As shown in Fig. 8 ..- blot was probed with an anti-phosphotyrosine antibody, indicating that the EGF-induced tyrosine kinase activity was not affected (results not shown). Together, these data indicate that terminal processing of N-linked oligosaccharides is not essential for EGF receptor dimerization.
DISCUSSION
The EGF receptor is the prototype of the family of growth factor receptors with intrinsic tyrosine kinase activity (see [1, 39] for reviews [32] , who used a different procedure to detect the dimeric state of receptor. Although the inhibitory effect of Ca2+ ionopohore on EGF receptor autophosphorylation is similar to that of TPA, suggesting involvement of protein kinase C, our own data obtained from protein kinase C-depleted cells (Fig. 6 ) and those of others [24] indicate that Ca2+ does not act through protein kinase C. It can also be ruled out that Ca2+-dependent proteinases have a role in inhibiting kinase activity. It seems plausible to assume that Ca2+ acts through Ca2+/calmodulin kinase that may phosphorylate the EGF receptor, but formal proof for this hypothesis is lacking at present.
Furthermore, we have shown that alterations in cyclic AMP and cytoplasmic pH, medium osmolarity and transmembrane potential do not appear to affect the dimerization process in a significant manner. Finally, we have modified terminal processing of N-linked oligosaccharides by various metabolic inhibitors of carbohydrate processing, but receptor dimerization is not detectably affected by these agents. In conclusion, our results strongly suggest that modulation of EGF receptor function and post-receptor signalling occurs at a step distal to receptor dimerization.
